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Introduction
The etiologies of ischemic stroke are diverse, making it diffi cult to include all stroke subtypes within a single classification system. 1 Recent advances in neuroimaging have significantly improved our understanding of the mechanisms of ischemic stroke, allowing treatment strategies to be individualized in ac cord with the particular stroke pathophysiology. 2 Appropriate classification of ischemic stroke subtypes, based upon causative mechanism, therefore is critical for guiding treatment decisions and determining the prognosis of individual patients. Addition ally, reliable and reproducible assignments to ischemic stroke subtypes are crucial for proper assessment of treatment effects in clinical trials.
Most of the previous classification systems were developed in Western countries and based on Caucasian patients, whose stro kes predominantly are caused by cardiac embolism or by extra cranial atherosclerosis (ECAS). These classification systems may not be applicable to other populations, such as Asians, in which stroke etiologies occur in different proportions. In this review, we first describe the characteristics of stroke in Asian populations and review previous classification systems. We then discuss the underlying problems in applying those classification systems to Asian patients, describe several classification systems proposed by Asian investigators, and propose some directions to resolve this important issue.
Characteristics of ischemic stroke in Asians
The proportions of stroke subtypes are wellknown to differ based on race 3 or ethnicity. 4 According to stroke databases from Western countries, cardioembolism is the most common cause of ischemic stroke in those populations ( Figure 1 ). 5, 6 In addi tion, subanalysis of an American communityconducted pro spective cohort study revealed that the frequency of ECAS is significantly higher in the examined groups than is that of intra cranial atherosclerosis (ICAS). 3 In contrast, the proportion of ICAS is higher in Asians. A study performed in Hawaii demonstrated that ECAS was more fre quent in whites, whereas ICAS was noticeably more frequent in the Hawaiianborn Asian population. Korean stroke registry data showed a higher prevalence of ICAS (47.5%) than of ECAS (19.7%). 7 Other studies performed in Asian stroke populations have demonstrated similar results. 8, 9 Older age, male gender, and hyperlipidemia appear to be factors favoring ECAS, where as metabolic syndrome is more closely associated with ICAS. The different prevalence of certain risk factors, such as hyper lipidemia, may contribute to the different locations of cerebral atherosclerosis. 10 Another possibility is that intracranial arterial stenosis, which often is categorized as ICAS, is actually caused in Asian populations by nonatherosclerotic conditions such as moyamoya disease or intracranial dissection. 11 The definitive reasons why ICAS is more prevalent in Asians remain uncertain.
ECAS predominantly causes stroke by arterytoartery embo lism. The pathologic and imaging markers of vulnerable carotid plaque have been wellinvestigated. 12 The mechanisms by which ICAS causes stroke, however, are much diverse: 1) arterytoar tery embolism; 2) impaired clearance of emboli; 3) local branch occlusion; 4) insitu thrombosis; or 5) combinations of these mechanisms. 13 In particular, branch or perforator occlusion is unique to ICAS patients.
14 Branch occlusion is usually associat ed with milder atherosclerosis than are other mechanisms, such as arterytoartery embolism or hemodynamic instability. Even in patients with no apparent stenosis on neuroimaging studies, a small plaque on the vessel wall can still cause a single subcortical infarction (SSI). 15, 16 Limitations have been noted in the ability of conventional vascular imaging techniques to confirm mild vascular lesions associated with early atherosclerosis. 17 Smallvessel occlusion is another major ischemic stroke sub type more common in Asian than in Western populations. 18 A metaanalysis comparing Chinese and Caucasian stroke patients demonstrated a higher prevalence of smallvessel occlusion (33.1% vs. 19.3%) in Chinese patients. The Chinese groups also were more likely to have largeartery atherosclerosis (25.4% vs. 14.7%), but had a lower prevalence of cardioembolic stroke (15.8% vs. 25.7%). 19 Similar results were obtained from database studies in other Asian countries, such as the Takashima stroke registry (Japan) 20 and Aga Khan University stroke databank (Pakistan). 21 In the Korean stroke registry, largeartery atherosclerosis was the most frequent ischemic stroke subtype, followed by small vessel occlusion (30.7%); the prevalence of cardioembolism was low (11.6%; Figure 1 ). 7 Relatively high sodium intake and high prevalence of uncon trolled hypertension may at least in part explain the predomi nance of smallvessel occlusion in Asians. 22 Of note, during the last decade the relative prevalence of ischemic stroke subtypes changed: cardioembolism increased, and smallvessel occlusion decreased. These changes were observed in Korea, 23 as well as in other Asian countries. 24 This phenomenon may in part be re lated to improved blood pressure control in the region. 24 The prevalence of smallvessel occlusion in Asia may be arti factually elevated due to misclassification of stroke subtypes. Smallartery disease, also referred to as "lacunar infarction, " usu 5 UK (SLESS), 6 China, 19 Japan (Takashima Stroke Registry), 20 Pakistan (Aga Khan University Stroke Database), 21 and Korea (Korean Stroke Registry) 7 . 17 Consid ering the high prevalence of ICAS in Asia, a large portion of SSIs is likely to be caused by parental artery atherosclerotic dis ease. 25 The prevalence of SSI associated with ICAS, as detected by MR angiography (MRA), was 16.9%35% in Asia. 26, 27 The orifices of perforating arteries can be obstructed even if the de gree of parental artery stenosis is less than 50%. 17 In addition, small atherosclerotic plaque, undetectable by conventional MRA, has been observed on highresolution magnetic resonance im age (HRMRI) studies. 28 Therefore, the proportion of SSIs caus ed by parental artery atherosclerosis may be much higher than previously suspected.
These new insights into how ICAS and smallvessel occlusion can cause stroke, of course, are not taken into account by the pre vious classification systems (see below) ( Table 1) .
Previous classifications
Before the era of the TOAST (Trials of Org 10172 in Acute Stroke Treatment) classification system, several classifications were used, based mainly on clinical presentation. The Harvard Cooperative Stroke Registry, the first published database on any medical condition, classified patients by clinical findings. Only 45% of patients received conventional angiography, and 3% underwent computerized tomography (CT). 29 Neverthe less, the findings were comparable to previous registry studies based on postmortem data. 30 Ten years later, the National Insti tute of Neurological and Communicative Disorders and Stroke (NINCDS) initiated the Stroke Data Bank, and prospectively classified stroke subtypes. 31 Although 97% of the included pa tients underwent at least one CT scan during hospitalization, nearly half of ischemic strokes were categorized as stroke of un known cause. The Oxfordshire Community Stroke Project also utilized a classification system based on clinical findings. Due to the simplicity of the system, the interobserver reliability was moderate (k = 0.54). 32 This classification was based mainly on neurological symptoms, and the poor reliability in certain neu rological signs such as hemianopia (k = 0.39) and sensory loss (k = 0.15) influenced the overall reliability. The scheme address ed the severity and outcome of stroke, but not the causes, and did not accurately discriminate between lacunar and smallvol ume cortical infarctions. 33 
TOAST classification
TOAST classification was the first classification system based on stroke mechanisms, and currently is the most widely used. Vascular risk factors, 34 early recurrence 35 and even longterm re currence and survival 5 were found to be different according to ischemic stroke subtypes classified by TOAST. Although the TOAST system was straightforward and valid, it had several important limitations. First, the interrater reliability was only moderate. 36 The reliability for smallvessel occlusions was lower than for other ischemic stroke subtypes (see below). This dis crepancy may have been related to the criteria limiting small vessel occlusions to subcortical lesions smaller than 15 mm. Second, only ischemic strokes with stenosis > 50% in the corre sponding artery were classified as largeartery atherosclerosis; mild stenosis ( < 50%) with a potential to generate distal embo lization, was ignored. SSIs larger than 15 mm, and embolic in farctions with vulnerable plaque with stenosis < 50%, were classified as stroke of undetermined etiology. Approximately 40% of ischemic strokes thus remained in the undetermined category. Newer classification systems therefore were consid ered to resolve these problems.
Modifications of the TOAST classification
The first new classification scheme proposed was StopStroke Study TOAST (SSSTOAST). 37 Each causative category was subdivided according to the level of evidence, and algorithms were used to determine the most likely etiology. The criteria for smallvessel occlusion were widened from "less than 15 mm" to "20 mm. " Even if a SSI was larger than 20 mm, it could be classi fied as a smallvessel occlusion according to the algorithm if there was no "evident" support for classification into other categories. Additionally, embolic infarctions with corresponding stenosis less than 50%, with plaque protruding into the vessel lumen, could be classified as largeartery atherosclerosis, in the absence of evidence suggesting other categories. These algorithms de creased the percentage of strokes designated "of undetermined etiology" to 4%. The more complicated scheme, however, im peded wide use of this method. Therefore, the complex algo rithms of SSSTOAST were automated in the next classification system, The Causative Classification System (CCS), which was a webbased. If multiple potential causes were present, the pa tient automatically was assigned to the most likely mechanism. The decision was based on the following sources of data: 1) clinical evaluation; 2) neuroimaging (CT or MRI); 3) extra and intracranial vascular investigations (carotid doppler/tran scranial doppler, MRA, CT angiography, or conventional angi ography); 4) cardiac evaluation (electrocardiogram, echocar diography, and Holter monitoring); and 5) other workup for uncommon causes of stroke. The criteria for smallvessel occlu sion were identical to those of SSSTOAST ( < 20 mm). This new process, yielded a high interrater reliability, without inflat ing the unclassified category. 38 The system, however, depended on the availability of modern diagnostic technology. Another issue was that strokes caused by aortic arch atherosclerosis were categorized as cardioembolic. 39 
Phenotypic classification
The first purely phenotypic classification system was the AS CO system. 40 Every patient is characterized by ASCO: ath erosclerosis, smallvessel disease, cardiac source, and other causes. This system therefore includes all the potential pheno types of a given patient. According to the level of evidence, each of the 4 ASCO phenotypes is graded 1, 2, or 3; 1 for "definitely a potential cause of the index stroke, " 2 for "causality uncertain, " or 3 for "unlikely a direct cause of the index stroke (but disease is present). " When the disease is completely absent, the grade is 0; when grading is not possible due to insufficient workup, the grade is 9. For example, a patient with 70% ipsilateral symptom atic stenosis, leukoaraiosis, atrial fibrillation, and platelet count of 700,000/mm would be classified as A1S3C1O3. Thus, the ASCO system assigns a level of likelihood to each potential cause and chooses the most likely etiology, but without ignoring oth er unrelated vascular conditions. The system may be utilized flexibly according to the treating physicians. A patient's treat ment can be adapted to the observed phenotypes and the most likely etiology (e.g., that designated grade 1 in one of the 4 ASCO phenotypes), while clinical trials may focus on several of these 4 phenotypes (e.g., patients designated A1A2).
Comparing cases categorized with ASCO grade 1 (ASCO1) to those categorized by the TOAST classification system, the proportion of strokes attributed to smallvessel occlusion de creased, and those attributed to largerartery atherosclerosis in creased, in ASCO1. These differences may be due to the differ ent criteria of the two systems: although the diameter criteria of ASCO are identical to those of TOAST ( < 15 mm), ASCO1 includes in the smallvessel disease subgroup only deepbranch artery strokes with an additional old or silent infarct document ed by MRI or CT. The atherothrombosis subgroup allows in clusion of any atherosclerotic stenosis less than 70% with at tached luminal thrombosis. The interrater reliability was good to excellent. 41 The ASCO system has merit in that no informa tion is neglected, but the many possible combinations can read ily generate confusion. Moreover, the subtypes strongly depend on the completeness of diagnostic workup.
Recently, ASCO phenotyping was upgraded to ASCOD by adding "D" for dissection. 42 The degree of stenosis for determin ing the causality of atherothrombosis was lowered: A1 (poten tially causal for index stroke), which was defined in ASCO as atherosclerotic stenosis of 70%90% in an intra or extracranial artery, was changed to ipsilateral atherosclerotic stenosis be tween 50%99%. A2 (causal link uncertain), which was defined in ASCO as 70%90% stenosis with weak evidence, was changed to ipsilateral atherosclerotic stenosis between 30%50%.
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Qualifications for good classification systems
One of the key qualities of a good classification system is high reliability, including interobserver and intraobserver agree ment. The result of subtyping must be repeated faithfully by a different observer and by the same observer. Reliability usually is measured by kappa values (k). In previous studies, the inter observer agreement on ischemic stroke subtypes classified by the TOAST system was moderate (0.4 < k < 0.6). 43 The com puterbased algorithm increased the interobserver agreement significantly (0.8 < k < 1). 44 A retrospective medical and imag ing review, however, showed that the interobserver reliability differed depending on the stroke subtype: the reliability was high for strokes due to largeartery atherosclerosis (k = 0.80) or cardioembolism (k = 0.80), but was low for strokes caused by smallvessel occlusion (k = 0.53). 45 Considering the low reliabil ity for unknown causes (k = 0.40), there may have been a rela tively high discrepancy in classifying ischemic stroke into the categories of smallvessel occlusion or undetermined etiology. The TOAST classification system limits smallvessel occlusion to a lesion smaller than 15 mm in diameter, and larger lesions are classified as of undetermined etiology if they do not fit into any other categories. These restrictions may be the main causes of the low interobserver reliability for smallvessel occlusion.
A good classification system also should prove its validity. Va lidity is not guaranteed by a high reliability. Validity is usually compared to a gold standard, and presented as sensitivity, speci ficity, and positive predictive value. The gold standard for stroke subtyping, however, is debatable. Using as the gold standard the final diagnosis at 3 months after stroke, the validity varied accord ing to stroke subtypes. 45 The sensitivity was high and the speci ficity was low for strokes due to smallvessel occlusion, whereas the sensitivity was low and the specificity was high for strokes of undetermined causes. This result suggests that although a stroke is initially categorized as due to smallvessel occlusion based on the lesion diameter and location, evaluations during the follow ing 3 months may reveal another cause of infarction. The validi ty of ischemic stroke subtyping was also compared among ex isting classifications. 41 Agreement between TOAST and ASCO1 was high for cardioembolism/cardioaortic infarction and for largeartery atherosclerosis/atherothrombosis associated with strokes. The agreement for strokes due to smallvessel occlusion and strokes of undetermined causes were relatively low, likely related to the category being changed by the lesion diameter criteria.
Convenience should also be considered in establishing a good classification system. Although the TOAST system has various limitations, it is still the most widelyused classification, proba bly due to its convenience. Various modified TOAST classifica tions have partially resolved problems of the original TOAST system, but the complex algorithm and the webbased require ment still prevents more extensive use of those methods.
Finally, ischemic stroke subtyping ideally should incorporate updated scientific knowledge, and should be based on research evidence. The TOAST classification was based on neurological signs, brain imaging findings, and ancillary diagnostic tests. How ever, no methodological obligations for vessel investigation were required. Since then, techniques such MRA and HRMRI have been developed. The accuracy with which the stroke mecha nism could be diagnosed thereby improved, and the traditional concepts of stroke mechanism evolved. Such progress should be included in an updated ischemic stroke classification system.
Classification issues considering stroke in Asia
As discussed above, smallvessel occlusion and ICAS are the two most common subtypes of ischemic stroke in Asian coun tries. Understanding of the mechanisms of ICAS and SSI has recently increased enormously. The new information, however, does not fit traditional classification systems such as TOAST.
In most of the previous criteria developed in Western nations, lesion diameter for the smallvessel occlusion subgroup was limited ( < 15 or 20 mm). This limitation was developed to dis tinguish infarcts due to smallvessel occlusion from embolic in farcts secondary to embolism from a diseased heart or ECAS. 46, 47 A recent study, however, demonstrated that strictly subcortical infarctions are rarely caused by embolism. 48 Branching of a com mon perforator or a diffuse small plaque on the vessel wall ob structing orifices of multiple perforators is a more plausible ex planation for large subcortical infarctions, at least in Asian pa tients. Considering these mechanisms, lesion number (single vs. multiple), not lesion size (large vs. small), may more accu rately reflect the pathophysiology. The term SSI may be more appropriately defined as "single subcortical infarction" than as "small subcortical infarction. "
As mentioned above, the mechanisms of SSI are diverse. Clear ly, many SSIs are due to smallartery disease (lipohyalinotic per forator disease) and clinically present as a classic lacunar syn drome (pure motor stroke, pure sensory stroke, sensorymotor stroke, dysarthriaclumsy hand, and ataxic hemiparesis). How ever, SSI caused by parental artery atherosclerotic disease is more closely associated with indicators of atherosclerosis (previous history of coronary heart disease, atherosclerosis in other cere bral arteries), than those without parental disease. 49 Therefore, it is not advisable to categorize these groups together. It would be more reasonable to consider SSI associated with parental ar tery disease as largeartery disease, regardless of the lesion size.
Moreover, the TOAST classification system defined largear tery atherosclerosis as when stenosis in the corresponding ar tery is > 50%. 50 In SSSTOAST, mild stenosis was regarded as a source of stroke, but only when 2 or more transient ischemic events were confirmed. 37 ASCO also did not sufficiently con sider SSI with mild parental arterial disease. Therefore, SSIs with mild ( < 50%) parental artery disease, and SSIs which are larger than 15 or 20 mm are mistakenly classified as smallvessel dis ease and cryptogenic stroke, respectively. Actually, recent stud ies using MRA or HRMRI have shown that vessels with milder stenosis or even with no stenosis on MRA (but with plaques apparent on HRMRI) can produce SSIs by way of branch oc clusion, and that they are clearly associated with atherosclerotic characteristics. Therefore, they should be classified as largear tery atherosclerosis.
Finally, SSI extending to the surface of the parental artery (pro ximal SSI) demonstrated a larger initial volume 28 and a higher prevalence of associated parental artery disease. Even in proxi mal SSI without parental artery disease, asymptomatic cerebral atherosclerosis was more prevalent than in SSI located in the more distal region. 49 Plaques, especially those located in the su perior wall of the vessel adjacent to the perforator, are often iden tifiable by HRMRI, even if conventional MRA findings are normal. 51 Because of vascular remodeling, the arterial lumen evaluated by MRA may appear normal even though significant atherosclerosis plaque exists. 28, 52 Appropriate classifications should therefore be established for patients demonstrating indi cators of atherosclerosis, despite normal MRA findings.
ICAS can cause arterytoartery embolism in addition to bran ch occlusion. 53 In contrast to the considerable data identifying plaques vulnerable for embolism in the extracranial arteries, the criteria for vulnerable plaques in intracranial arteries are scanty.
As the baseline diameter of ICAS is smaller than ECAS, even small changes in the diameter of ICAS may alter the hemody namics sufficiently to cause plaque instability or rupture. 54 Ac cording to a recent trial, approximately onethird of symptom atic ICAS cases are caused by ICAS less than 50%. 25 The TOAST classification system categorizes these cases as cryptogenic stroke. As mentioned above, SSSTOAST requires 2 or more transient events of ischemia for a case to be diagnosed as due to possible largeartery atherosclerosis. This attempt cannot be of particu lar help in classifying these cases.
Classification system from Asian countries
A few classifications for stroke subtyping were suggested by Asian investigators, taking into account the previouslydis cussed issues (Table 2) . First, subtyping ischemic stroke based on vascular imaging was addressed. 55 Mild ( < 50%) ICAS, con firmed mostly by MRA, was considered as significant arterial disease if the stenosis was located at the site of the index stroke. In this system, patients with subcortical infarction with even mild ICAS were categorized as having largeartery atherosclero sis, rather than smallvessel occlusion. The limitation of maxi mum diameter of the lesion for categorization as a smallvessel occlusion was the same as that used for the TOAST classifica tion. As a result, the proportion of cases of largeartery athero sclerosis increased compared to those classified using the TO AST criteria.
Meanwhile, another Korean group proposed a new subtype classification, based on treatment and etiologic mechanism. This classification system also defined atherothrombosis with out criteria limiting the degree of stenosis, but one or more pie ces of evidence of systemic atherosclerosis was needed to classi fy the stroke as due to atherothrombosis. However, in the ab sence of indications of systemic atherosclerosis, such patients would be classified as having had stroke of undetermined etiol ogy. Smallartery disease was defined as causing a single isch emic lesion in the territory of a single perforator artery, in the context of normal angiography findings. A strict lesion size cri terion was not given. This new classification increased the pro portion of strokes attributed to atherothrombosis/large artery atherosclerosis, and decreased the proportion attributed to small vessel occlusion. Recently, Chinese investigators suggested a new classification system, the Chinese ischemic stroke classification (CISS). 57 In this system, ischemic strokes in a penetrating artery territory are classified as due to largeartery atherosclerosis when any degree of parental artery stenosis is present. Cases could even be inclu ded as largeartery atherosclerosis when arterial plaque was de monstrated by HRMRI, even if no significant stenosis is pres ent on MRA. Any degree of vulnerable plaque in the major ar teries (aorta, extra and intracranial) was also considered as an embolic source, and patients with such findings were classified as having largeartery atherosclerosis. However, the exact crite ria for vulnerable plaque were not described, and as a result, in terrater differences are likely to increase. Penetrating artery dis ease was defined as causing an acute isolated infarct in a clinical lyrelevant territory of one penetrating artery, regardless of the infarct size.
The classification systems suggested by Asian investigators share similar concerns in the definition of ischemic stroke sub types: 1) lesion size limitations should not be strictly applied for smallvessel occlusion; and 2) the degree of stenosis of ath erosclerotic vessels should not be limiting in determining large artery disease subtypes.
Future directions
Neuroimaging technologies and understanding of stroke me chanisms have significantly improved since the TOAST classifi cation was first introduced. Updating the widelyused TOAST classification, but without losing its simplicity, has become our challenge in the development of an improved classification sys tem (Table 3) .
The prevalence of smallvessel occlusion and ICAS is high in Asian countries. These two conditions have similar features, and these aspects recently have been actively investigated by Asian physicians. These efforts have illustrated that previous classification systems are insufficient.
Considering that SSI with parentalartery disease is associat ed with atherosclerosis characteristics, classification of this con dition as largeartery atherosclerosis seems reasonable. Cases with plaque identified by HRMRI may also have to be classi fied as largeartery disease even if conventional MRA findings are normal. These issues are considered in the stroke classifica tion developed in Asia, such as CISS. However, HRMRI is still too costly to be routinely used in clinical practice. Moreover, the clinical characteristics and prognosis of patients with plaques identified by HRMRI have not yet been characterized. There fore, more studies are necessary to indentify real differences in SSIs with smallartery occlusion, ICAS, and plaques identified on HRMRI. Development of inexpensive yet sensitive imaging technologies for plaque identification is needed. In addition, studies have shown that proximal SSIs have atherogenic charac teristics even if they are not associated with parental artery dis ease. They may not be classified as largeartery disease, howev er, because there is no apparent largeartery pathology. Howev er, such strokes may have to be classified as due to largeartery disease, if the intent of the classification is to characterize the pathologic nature of disease (e.g., for the purpose of elucidating the efficacy of antiatherogenic drugs). Future trials may have to consider this matter.
Evaluation of plaque in the carotid arteries has advanced thr ough the examination of pathologic specimens obtained from endarterectomy, as well as the use of imaging methods such as ultrasonography and HRMRI. In contrast, information on the characteristics of plaques in ICAS still remains limited. Micro embolic signal monitoring is somewhat helpful in identifying vulnerable plaques, 58 but its clinical utility remains limited due to the need for lengthy and inconvenient monitoring. Some ef forts have been made to identify high risk plaque in ICAS pat ents; severity of stenosis or enhancement of the plaque on HR MRI also may indicate high embolic risk. 59 Further studies us ing HRMRI or other methods, such as molecular imaging te chnologies, may shed light to this complex issue. 60 
